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Abstract 
Our paper aims at assessing the way in which EPANET estimates the efficiency of variable speed pumps operating at speeds 
different from the nominal speed. An experimental setup, existing at the Technical University of Civil Engineering Bucharest, was 
modelled in EPANET 2. The facility allows the measurement of the characteristic curves of two identical pumps driven by electric 
motors with the rotational speed ratio of ½. The pumps curves were fed into EPANET and results for different rotational speeds 
were compared to measured values. Results show that EPANET does not alter pump’s efficiency curve when operating at different 
rotational speeds. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of WDSA 2014.  
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1. Introduction 
Centrifugal pumps are commonly used in industrial and urban applications, being important end users within the 
electricity distribution networks. However, in many cases, centrifugal pumps operate with significantly lower energy 
efficiency than they actually could, which typically has an increasing effect on the pump energy consumption and the 
resulting costs [1; 2]. 
The duty point of a centrifugal pump (defined by a pair of flow rate and head values) is often controlled by adjusting 
the pump rotational speed, in order to reduce the pump energy consumption. Typically, the speed control is realized 
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with a frequency converter that allows the control of the rotational speed of an induction motor. Since the frequency 
converter can estimate the motor rotational speed and shaft torque without external measurement sensors, it also allows 
the estimation of the pump operation parameters (except for the efficiency) and the development of algorithms for the 
operation of a pumping station, under variable demand conditions. The algorithms are usually ruled by some other 
measurements performed globally in the in pumping station (mainly, the pressure level on the discharge pipe). Pump 
efficiency at the operating point is never taken into account. In order to assess the operation schedule and energy 
consumption of the pumps in hydraulic systems, numerical simulations performed with specialised software are 
generally used [3; 4]. One of the leading software in this field is EPANET [5], a freeware provided by the U.S. 
Environmental Protection Agency. 
In this respect, our paper aims at assessing the way in which EPANET estimates the efficiency of variable speed 
pumps operating at speeds different from the nominal speed. In order to achieve this goal, an experimental setup, 
existing in the Hydraulics Laboratory of the Technical University of Civil Engineering Bucharest was modelled in 
EPANET 2. The experimental facility allows the direct measurement of the characteristic curves (head, power and 
wire to water efficiency versus flow-rate curves) of two identical pumps, driven by different electric motors with the 
rotational speed ratio of ½. The real curves of the pumps were fed into EPANET and results for different rotational 
speeds were calculated; the results obtained for the first pump (Pump 1) at the nominal speed 1n  and at 21n  (i.e. ratio 
5.0 r ), as well as the results obtained for the second pump (Pump 2) at the nominal speed 2n  and at 22n  (i.e. ratio 
2 r ), were compared with the curves measured on the experimental bench. 
2. General considerations 
In many cases, due to the variable demand of the system, pumps operate with a notably lower efficiency than they 
could, which has an increasing effect on the pump energy consumption. As the social awareness of environment has 
increased the public interest in energy efficiency, and pumps often have a notable energy savings potential, 
optimization of the pump energy consumption has become a widely studied topic. Mentioned actions to increase this 
savings potential are usually the improvement of the hydraulic system in which the pump is located, the improvement 
of the pump dimensioning, and the use of a speed control method, instead of the throttle or by-pass control method for 
flow adjustment under variable demand. 
In general, the rotational speed control of a centrifugal pump is considered an energy efficient flow control method. 
Nowadays, owing to their competitive prices and availability for a wide range of motor sizes, frequency converters 
are the preferred choice for most variable demand systems. However, the scientific research concerning the use of 
frequency converters with centrifugal pumps was mainly concentrated in the sensor-less control of the pumped flow 
rate, by using the head versus flow rate characteristic curve. Correspondingly, the discussion concerning other factors 
that can affect the applicability of this method is rather limited. 
The relations that govern pump operation at different rotational speeds are usually derived together with those that 
govern pump operation with different rotor diameters, by the use of similitude theory and are called affinity laws: 
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where Q  represents the flow rate, H is the head of the pump, n  represents the rotation speed of the rotor and D  is 
the external diameter of the rotor. The question of the validity of these laws with respect to the extent of change in 
rotation speed or external diameter of the rotor is still a matter of debate. In fact, this problem is more obvious when 
considering a constant rotational speed and a change of the external diameter of the rotor: to what extent the external 
diameter of the rotor can be changed (while the geometric dimensions of the volute remain the same) in order to still 
talk about two similar pumps? Probably not much. Although not that obvious, the problem remains the same in the 
1406   A.-M. Georgescu et al. /  Procedia Engineering  89 ( 2014 )  1404 – 1411 
case of changing the rotational speed of the rotor, while keeping the external rotor diameter constant. In variable 
demand systems, the speed of the rotor is mostly adjusted between the nominal speed and some smaller value. Pump 
manufacturers usually place the lower limit somewhere between 70% and 50% of the nominal speed, using rather 
ambiguous explanations. The efficiency of the pump operating at lower speeds is almost never mentioned (note that 
the introduction of the efficiency in the similitude theory will lead to no significant result, due to the non-dimensional 
nature of the efficiency). Most internet resources state that finding the efficiency at a different rotational speed is a 
complicated matter, usually beyond the scope of the internet article (which might be true), or even impossible (which 
is probably wrong), unless the characteristic curve of the system passes through zero in the head versus flow rate 
plane, i.e., if the system is a closed loop one, or if it is a ventilation system. 
The most common approach to this problem is to eliminate the rotational speed ratio from the affinity laws. If we 
are only interested in the variation of the rotational speed of the rotor, the affinity laws (1) and (2) are written as: 
2121 nnQQ  ,   (3) 
 22121 nnHH  ,   (4) 
which by eliminating the rotational speed ratio become: 
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As it is independent of the rotational speed, equation (6) can be viewed, in the  HQ,  plane, as the locus of points 
that are similar to the point of coordinates ^ `11, HQ . Assuming similar points have the same efficiency, it is then 
relatively easy to find the efficiency of any point operating at a different rotational speed than the nominal speed. One, 
has only to draw the parabola from (6) on the same graph with the head versus flow rate curve of the pump operating 
at nominal speed, find the intersection, get the flow rate value for the intersection and read from the efficiency versus 
flow rate curve, the corresponding efficiency. Basically, in the most common case of reducing the rotational speed of 
the rotor, from the nominal speed to some other smaller value, this procedure will shift the efficiency curve at nominal 
speed towards smaller values of the flow rate [6]. Values of the efficiency will not be altered. However, some authors 
propose relations for the correction of the efficiency K  between similar points operating at different rotational speeds, 
e.g. the following relation [7; 2]: 
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Due to this large variety of approaches, we have tried to assess the way in which EPANET deals with the efficiency 
when modelling variable speed pumps [6; 8]. Unfortunately, the help file and the manuals available on line do not 
tackle this problem, so we were compiled to perform some tests in EPANET and compare them to laboratory 
measurements. 
3. Experimental setup and EPANET model 
The test rig existing in the Hydraulics Laboratory of the Technical University of Civil Engineering Bucharest 
consists of a closed loop pipe circuit (schematized in Fig. 1). The loop is closed by a constant level water tank. Pipe 
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and separation valves arrangement permits that the two KSB fixed speed pumps mounted on rig be measured either 
operating separately or coupled (either in series or in parallel, depending of the opened/closed status of the separation 
valves). The pumps are hydraulically identical, but operated by different electrical motors (the ratio between the 
rotational speed of the motors is ½). 
 
 
Fig. 1. EPANET model of the test rig used for the experiments. 
Flow rate adjustment is performed via a regulating valve and flow passing through the loop is measured with an 
electro-magnetic flow meter. Pressure transducers are placed on the suction and discharge pipes of the pumps, as well 
as in other points of the pipes. Each of the pumps is coupled to the electrical circuit by way of a power meter. 
Controls of the valves, start/stop commands of the pumps, as well as all measured values are joint in a control and 
data acquisition unit that can be operated remotely via the internet. 
The EPANET model that we used is the exact replica of the test rig from the laboratory. The geometrical dimensions 
(pipes length and diameter, elevations, water level in the tank, positions of the valves etc) match the ones of the test 
rig. Roughness of the pipes was set to 2 mm and local head loss coefficients were adjusted so that for different flow 
rates through the numerical test rig model, the values of the pressures in points where pressure transducers are mounted 
match the ones obtained experimentally. Of course, in order to adjust local head losses values, the previously measured 
curves of the pumps were fed into EPANET. 
Due to the fact that on the test rig the two pumps are not mounted on exactly symmetrical circuits, the EPANET 
tests were conducted in two different stages. Firstly, we tested the existing situation at different flow rates, in order to 
be sure that the numerical model performs well. Secondly, we just changed the curves of the pumps with one another, 
and set the Pump 1 speed at 2, while Pump 2 speed was set at 0.5. 
4. Results 
The experiment consisted in measuring the head versus flow rate and electrical power versus flow rate curves of 
the pumps operating individually in the closed loop. The wire to water efficiency versus flow rate curve was then 
calculated. These curves where firstly compared to the catalogue curves of the pumps (see Figs 2, 3 and 4). On one 
hand, keeping in mind that the pumps started to be used on the test rig some 12 years ago, we have expected some 
deterioration of the pump curves. On the other hand, as in our case the use of the pumps was not continuous (normally 
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this rig is used by students for experimental work in the Hydraulic machinery classes, so it works for only 1 to 2 hours, 
approximately 3 times a week), we also expected the deterioration not to be a major one.  
 
 
Fig. 2. Head versus flow rate curves: experimental results and catalogue curves. 
 
Fig. 3. Electric power versus flow rate curves: experimental results and catalogue curves. 
This seems to be the case for the measured head versus flow rate curves presented in Fig. 2, but less so for the 
electrical power versus flow rate curves, which are presented in Fig. 3, especially at higher flow rates, where the 
catalogue curves underestimate the power consumption of the pumps. Of course, what we measured is the electrical 
power versus flow rate curves, while the catalogue curves labelled “absorbed power” may represent something else. 
Nevertheless, electric motors have quite high efficiencies, the rotor of the pump is mounted directly on the electric 
motor shaft (transmission efficiency 1) and in our case there is no frequency converter, so the curves should have been 
closer to one another. Due to the cumulating discrepancies existing between experimental and catalogue curves for 
head and power, the differences for the efficiency versus flow rate curves are significant (see Fig. 4). In Fig. 4 we also 
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plotted the transposed efficiency curve of Pump 1, for the rotation speed of Pump 2, obtained by applying formula (7) 
to the measured values of the efficiency for Pump 1. Comparing this curve with measured values of the efficiency for 
Pump 2, reveals a certain trend for values obtained from equation (7) to overestimate the values of the efficiency for 
smaller values of the flow rate, while underestimating them for greater values of the flow rate. The best efficiency 
point lays in the overestimated value zone and is a bit shifted to the left with respect to the measurements. 
 
 
Fig. 4. Efficiency versus flow rate curves: experimental results and catalogue curves. 
 
Fig. 5. EPANET head versus flow rate curve for a rotation speed of 2 compared with experimental data, for Pump 1. 
Smooth regression curves were calculated for the head versus flow rate, and efficiency versus flow rate curves, 
then the resulting values were fed into EPANET pump curves. Each of the numerical model pumps were tested in 
EPANET just as we would normally do on the test rig. Results were matching very well the regression curves. 
The next step was to switch the curves between the pumps. After the switch, the rotation speed of Pump 1was set 
to 2, while the rotation speed of Pump 2 was set to 0.5, and another set of measurements was performed. Results are 
presented in Figs 5, 6 and 7. From Figs 5 and 6, we can clearly observe that EPANET transposes correctly the head 
versus flow rate curves according to the affinity laws, for a rotational speed different than the nominal speed. In fact, 
the transposed curves match very closely the measured points. 
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Fig. 6. EPANET head versus flow rate curve for a rotation speed of 0.5 compared with experimental data, for Pump 2. 
 
Fig. 7. EPANET efficiency versus flow rate curves compared with experimental data. 
This is not the case of efficiency versus flow rate curves (see Fig. 7). Our results suggest that EPANET does not 
change at all the efficiency curve of a pump that operates at a rotational speed different than the nominal speed. In the 
most common case of reducing the rotational speed of the rotor from the nominal speed to some other smaller value, 
this will roughly lead to a slight underestimation of the efficiency if the duty point of the pump is situated left of the 
best efficiency point, and to an important overestimation of the efficiency if the pump is operating in a point to the 
right of the best efficiency point. 
In other words, energy consumption studies performed with EPANET for variable speed pumps are, to say the 
least, unreliable. EPANET should be used only to perform hydraulic calculations, while the efficiency values should 
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be computed based on head, flow rate and rotation speed obtained with EPANET, by the use of some different software 
or user-defined procedure. 
5. Conclusions 
This paper tried to assess the way in which EPANET estimates the efficiency of variable speed pumps operating 
at speeds different from the nominal speed. In order to achieve this goal, an experimental setup, existing in the 
Hydraulics Laboratory of the Technical University of Civil Engineering Bucharest was modelled in EPANET 2. The 
experimental facility permitted the direct measurement of the characteristic curves (head, power and wire to water 
efficiency versus flow rate curves) of two identical pumps driven by different electric motors, with the rotational speed 
ratio of ½. The measured curves of the pumps were fed into EPANET and results for different rotational speeds were 
calculated; the obtained results were compared back to the original measured curves. 
EPANET transposes correctly the head versus flow rate curve according to the affinity laws, but does not alter the 
efficiency curve of a pump that operates at a rotational speed different than the nominal speed. In this respect, energy 
consumption studies that imply variable speed pumps, performed with EPANET are unreliable. 
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